We have used the iterative spectral fitting method to measure both the elastic and anelastic splitting functions of 20 inner core sensitive normal modes. These modes show significant improvement in spectral fit when anelastic splitting function coefficients d st are introduced in addition to the elastic splitting function coefficients c st . We employ two separate anelastic treatments: (i) fully anelastic measurement, in which a complete set of anelastic splitting function coefficients is measured in addition to the elastic coefficients, and (ii) zonal anelastic measurement, in which anelasticity is only allowed in zonal splitting function coefficients. Together, these two approaches confirm that normal modes sensitive to the Earth's inner core resolve zonally dominant elastic and anelastic structures. The zonal dominance of anelasticity suggests that the inner core exhibit cylindrical attenuation anisotropy in addition to cylindrical velocity anisotropy. In particular, the zonally dominant anelasticity correlates with zonal elastic structure, that is, directions of higher velocity in the inner core also appear more attenuating.
I N T RO D U C T I O N
The Earth's long-wavelength 3-D structure has been studied extensively using the splitting of free oscillation spectra (e.g. Ritzwoller et al. 1986; Woodhouse et al. 1986; Smith & Masters 1989; Li et al. 1991a,b; Widmer et al. 1992; Tromp 1993 Tromp , 1995 Resovsky & Ritzwoller 1995 He & Tromp 1996; Durek & Romanowicz 1999; Masters et al. 2000b; Deuss & Woodhouse 2001; Andrews et al. 2006; Deuss 2008; Deuss et al. 2010 Deuss et al. , 2011 Deuss et al. , 2013 . A number of such studies (e.g. Woodhouse et al. 1986; Tromp 1993; He & Tromp 1996; Durek & Romanowicz 1999; Beghein & Trampert 2003; Deuss et al. 2010 Deuss et al. , 2013 ) also address the issue of velocity anisotropy in the inner core. Together with body wave observations (Poupinet et al. 1983; Morelli et al. 1986; Creager 1992) , these studies favour cylindrical velocity anisotropy, with a fast axis approximately aligned with the Earth's rotation axis. In normal mode data, such cylindrical anisotropy manifests itself as positive splitting anomalies in the polar regions, contrasted with negative anomalies near the equator, and is predominantly of degree two and zonal in nature. In addition to their velocity and density structure sensitivity, normal modes also provide a potential tool for studying attenuation in the Earth. The quality factors Q of individual normal modes have been extensively used to constrain radial variations in attenuation in the deep Earth, but thus far, only one study (Masters et al. 2000a) has attempted to resolve 3-D variations in attenuation using normal mode splitting.
Seismic waves traversing the Earth attenuate due to two different effects: scattering and intrinsic (viscoelastic) attenuation. The latter comprises energy losses due to heat and internal friction, and presents an interesting topic of study thanks to its links with Earth evolution, including mantle convection and thermochemical variations at different depths. Body wave studies generally find that Q α , the P-wave quality factor, increases with depth in the inner core (see Romanowicz & Durek 2000; Romanowicz & Mitchell 2009 for reviews) . Body wave studies have also found evidence for attenuation anisotropy-seismic waves traversing the inner core are attenuated differently depending on their propagation direction (e.g. Souriau & Romanowicz 1996 Cormier et al. 1998; Oreshin & Vinnik 2004; Cao & Romanowicz 2004) . Waves propagating parallel to the Earth's symmetry axis are attenuated more than those traversing the equatorial plane; hence body wave studies indicate that, in the inner core, strong attenuation correlates with high velocity. In addition to cylindrically anisotropic velocity structure, body waves also show that the Earth's inner core exhibits hemispherical variations in velocity structure (e.g. Tanaka & Hamaguchi 1997; Niu & Wen 2001 Irving & Deuss 2011) , with a more anisotropic, slower quasi-western and a less anisotropic, faster quasi-eastern hemisphere. These hemispherical variations in the elastic structure of the Earth's inner core have also been observed using normal modes (Deuss et al. 2010) , where these odd-degree structures were studied using cross-coupling of normal modes. In addition to hemispherical variations in velocity structure, body wave studies find that the faster eastern hemisphere also appears more strongly attenuating than the western hemisphere (e.g. Cao & Romanowicz 2004; Yu & Wen 2006) .
Constraining attenuation using body wave data alone is not, however, without problems. Even if one assumes that the frequency dependence of Q is sufficiently well understood, body waves-with their high frequencies and short wavelengths-are scattered off small-scale heterogeneities in the Earth, and thus body wave estimates of viscoelastic attenuation are likely to be contaminated by scattering signals. Normal modes, on the other hand, have natural frequencies of the order of mHz, and thus their wavelengths are several hundreds of km. With such long wavelengths, standing waves in the deep Earth are not scattered off small-scale heterogeneities, and thus provide a tool for directly studying intrinsic attenuation, unlike body waves. Moreover, body waves' sampling of the Earth is limited by source-receiver geometries, whereas normal modes are sensitive to the average large-scale structure of the entire planet. As such, normal modes are well-suited for studying the large-scale, average intrinsic attenuation of the whole inner core, although the resolution of the resulting models is low compared to body waves.
In this study, we present the first extended normal mode analysis of anelasticity in the inner core. We utilize the extended data set of Deuss et al. (2013) to measure elastic and anelastic splitting function coefficients for 20 inner core sensitive normal modes. Our approach allows us to examine even-degree attenuation anisotropy, but not the odd-degree hemispheres, as these would require crosscoupling. We find that allowing anelasticity always improves the fit between observed and synthetic data. We show that the anelastic splitting functions of inner core sensitive modes are dominated by degree two zonal structures, suggesting the existence of attenuation anisotropy in the Earth's inner core as is also seen in body wave studies.
T H E O R E T I C A L B A C KG RO U N D

The forward problem
When travelling waves generated by large earthquakes interfere over timescales of hours and days, standing waves along the radius and surface of the Earth emerge. These standing waves are called normal modes of the Earth, or free oscillations; they involve oscillation of the planet as a whole. Two types of normal modes exist: spheroidal modes, denoted n S l and involving P-SV motion, and toroidal modes, denoted n T l and involving SH motion. In this work we only consider spheroidal modes. Due to the Earth's discrete geometry, each normal mode has its own discrete natural frequency and decay rate. We characterize each mode by its overtone number n and angular order l. Each spheroidal mode multiplet n S l comprises 2l + 1 singlets; modes sensitive to the inner core typically have large values of n and small values of l.
For a spherically symmetric, non-rotating, elastic, isotropic (SNREI) Earth, the 2l + 1 singlets of any given multiplet are degenerate, that is, they share the same complex eigenfrequency ω. These eigenfrequencies can be calculated exactly. However, in the presence of rotation, ellipticity, anelasticity, anisotropy and other heterogeneities, this degeneracy is lifted. The 2l + 1 singlets then have different complex eigenfrequencies; they are split. Splitting due to Earth rotation and ellipticity are dominant effects, particularly at very long periods. These splitting effects can be calculated exactly using perturbation theory and knowledge of the 1-D reference model (Dahlen 1968; Woodhouse & Dahlen 1978) , and are included in all subsequent analysis.
In addition to rotation and ellipticity, modes are split due to Earth structure, which we seek to constrain. In the simplest approximation, each mode is treated as isolated; this approximation is called 'selfcoupling' as only the 2l + 1 split singlets of a mode are allowed to resonate (couple) with each other, without any interaction between different modes. Each mode is then, due to symmetry, sensitive to even-degree structure in the Earth only. Our approach here is to use self-coupling only, and to ignore cross-coupling between modes (Deuss & Woodhouse 2001 ), which we consider a second-order effect, as demonstrated later. This approach is justified as several inner core sensitive modes are relatively isolated in frequency. We shall describe the splitting of normal mode spectra using splitting functions; our approach follows the treatment of Deuss et al. (2013) .
Following Woodhouse & Girnius (1982) , the contribution of a particular isolated multiplet to an observable seismogram can be written as
where s is the source vector, dependent upon the source moment tensor; r is the receiver vector, dependent upon the orientation and response of the recording instrument. For a multiplet of angular order l, the vectors r and s each have 2l + 1 elements, as given by Woodhouse & Girnius (1982) ; the source and receiver vectors are calculated for a 1-D reference earth model (PREM, Dziewoński & Anderson 1981) .
The splitting matrix M is a (2l + 1) × (2l + 1) complex matrix (Dahlen 1968; Woodhouse & Dahlen 1978) ; it can be written
where ω 0 ≡ Re(ω), ω represents the degenerate complex eigenfrequency of the unsplit multiplet, s is an even integer and
where Y m l (θ, φ) are completely normalized spherical harmonics (Edmonds 1960) , defined as
In eq. (2), W describes the effect of the Coriolis force. The splitting function coefficients σ st in eq. (2) are linearly dependent on the Earth's internal heterogeneity of degree s and order t. An additional s = 2, t = 0 term is included to account for the Earth's ellipticity. We isolate the splitting due to heterogeneity from rotation and ellipticity effects, and describe the heterogeneity using the matrix H:
In order to separate elastic and anelastic structures in the Earth, we decompose the matrix H into elastic and anelastic parts following the treatment of Gilbert & Woodhouse (2000) :
where both E and A are Hermitian matrices given by E = ( 
where * denotes complex conjugation. An equivalent expression holds for d st . We can then write the σ st of eq. (2) as
which, in the absence of anelasticity, reduces to σ st = c st and in particular that the σ s0 coefficients are real.
To visualize how a normal mode sees a depth-averaged Earth, we define the splitting function:
where
and
Again, in the absence of anelasticity, the splitting function F(θ, φ) is real. The linear dependence on Earth structure of the elastic and anelastic splitting function coefficients can be expressed as
In eqs (14) and (15) (Woodhouse 1980) ; the coefficients δm st are the harmonic coefficients of the Earth's elastic heterogeneity, δh d st are coefficients for discontinuity contribution and a is the radius of the Earth. In eq. (15), the coefficients δq κst and δq μst describe the lateral variation of the attenuation in incompressibility (bulk modulus) and rigidity (shear modulus) of the medium, for order s and degree t, respectively. The coefficient c 00 represents the shift in the centre frequency of the multiplet from the PREM value; the coefficient d 00 (called Im c 00 in earlier works) represents the shift in the radial Q value of the multiplet. These coefficients are also measured, but do not contribute to the visualized splitting function.
While the splitting function coefficients are linearly dependent on Earth structure, this is not the case for our data, the seismograms of eq. (1). In order to formulate a linearized inverse problem linking the splitting function coefficients σ st to the data, we require partial derivatives of the seismogram u(t) with respect to these coefficients. As the splitting matrix M is not diagonal, it first needs to be diagonalized by
where the matrix U is the matrix whose columns are the eigenvectors of M, and the matrix is the diagonal matrix of the eigenvalues of M. The seismogram of eq. (1) can then be written as
Taking the partial derivatives of this expression with respect to the model parameters and treating the source vector s and the receiver vector r as constant, we obtain
where ω denotes the diagonal matrix ω = √ . We then follow the treatment of Deuss et al. (2013) , using the method of Li et al. (1991b) , to obtain the partial derivatives ∂U ∂σst , ∂U −1 ∂σst and ∂ω ∂σst using first-order perturbation theory. Keeping terms to first order in small quantities only, we obtain the following perturbations:
The perturbed values δω 
The inverse problem
Having obtained the partial derivatives
∂u(t) ∂σst
, we use the non-linear iterated least-squares inversion scheme of Tarantola & Valette (1982a,b) to obtain the splitting function coefficients σ st given the seismograms u(t). This follows the treatment of Deuss et al. (2013) .
The best estimate for the set of splitting function coefficients σ = σ st can be found by the iterative application of the recursion
where d represents the data, C d is the data covariance matrix (signifying data weights), C m is the prior covariance matrix (representing damping of the inversion), σ 0 is the starting model and A i is the matrix of partial derivatives of u at the ith iteration:
In order to investigate the effect of damping on the stability and outcomes of the inversion, the scheme is repeated for different damping parameters spanning three orders of magnitude. In order to quantify how well our sets of splitting function coefficients σ st explain the observed data, we consider the misfits between the observed data d and synthetic data u(σ st ). The misfit is given by
where N is the number of spectral segments, and n is the number of data points in each spectral segment. This treatment takes into at Cambridge University Library on September 4, 2013
http://gji.oxfordjournals.org/ Downloaded from account both the amplitude and phase match of the observed and synthetic seismograms. For PREM, including rotation and ellipticity alone, the misfits for inner core sensitive modes often exceed 1, whereas low misfit indicates a set of σ st that result in synthetic seismograms which fit the observed seismograms well. In the case of inner core sensitive normal modes, the elastic splitting function coefficients c st are dominated by the cylindrical anisotropy of inner core velocity structure (see e.g. Woodhouse et al. 1986 ). This manifests as anomalously large c 20 coefficients, which give rise to characteristic zonal (parallel to the equator) banding in the elastic splitting functions of inner core sensitive modes. This zonal dominance generally results in difficulties in measuring inner core sensitive modes when starting from a simple spherical reference model, here PREM (Dziewoński & Anderson 1981) , alone. To overcome this, we have tried eight different sets of starting coefficients: PREM, the v s mantle model S20RTS (Ritsema et al. 1999) , the four inner core anisotropy models of Woodhouse et al. (1986) ; Tromp (1993) ; Durek & Romanowicz (1999) ; Beghein & Trampert (2003) , and the c st measurements of He & Tromp (1996) ; Durek & Romanowicz (1999) . The starting d st are zero.
Due to the zonal dominance of the elastic part of the splitting function F(θ , φ), we might expect that the anelastic part of the splitting function be zonally dominant as well. To investigate this, we perform two separate anelastic inversions: first, we measure all c st and d st in a fully 'anelastic' inversion. Secondly and independently, we carry out an inversion in which all c st and d s0 are measured, but d st = 0 for t = 0. This second measurement acts as a test of our initial assumption.
We obtain conservative estimates of the errors in individual c st and d st by cross-validation. Our cross-validation procedure is characterized by leaving out 10 per cent of the data at a time, and repeating this process ten times. The c st and d st for each such inversion are then compared to each other, and the errors in the c st and d st obtained using all suitable data are taken as the maximum ranges of the cross-validation results. In particular, the errors are symmetric about the final c st and d st . We note that our cross-validation scheme operates by leaving out entire events at a time, not sets of different-station recordings of various events.
DATA
All our measurements are made on the data set of Deuss et al. (2013) . These data are drawn from a set of 91 events since 1975 with M w ≥ 7.4, where events deeper than 100 km are of particular importance in measuring inner core sensitive overtones. Event locations and moments are taken from the CMT catalogue and modified if deemed necessary based on fundamental mode measurements, as for instance for the 2004 December 26 Sumatra event. Table 1 gives the numbers of events and spectra used in measuring each mode; on average, we use on the order of 40 earthquakes per mode, an order of magnitude more than previous normal mode studies of the 3-D structure of the inner core (e.g. He & Tromp 1996 used two earthquakes; Durek & Romanowicz (1999) used eight). Overall, we use no fewer than 17 earthquakes (mode 20 S 1 ) per mode, still a significant improvement over previous measurement studies. As our main focus is on spheroidal modes that are sensitive to the inner core, we consider vertical-component recordings only. The data are processed in the following way:
(i) Raw time series, lasting several tens of hours, roughly the length of 1 Q-cycle (Dahlen 1982) , are extracted. In each case, the first 10-15 hr after each event are removed; this is to allow for the (ii) The tidal signal is removed; glitches and smaller events are removed manually. Earthquakes are completely excluded from our data set if they are either preceded or followed by other events of comparable magnitude, as these time series may be contaminated by additional unmodelled signals.
(iii) Station responses are deconvolved, and then the remaining time series are convolved with standard responses such that all remaining amplitudes are in acceleration.
(iv) The time series are padded with zeroes and transformed to Fourier domain.
All synthetic data are processed exactly the same way as the observed data. When the mantle v s model S20RTS is used to generate synthetics, δv p /v p is included by scaling the δv s /v s by a factor of 0.5, and δρ/ρ by scaling the δv s /v s by a factor of 0.3. Individual spectra are included or excluded, separately for each mode, by first examining the signal-to-noise ratio in the frequency domain data, and then by running initial inversions whose results allow us to identify and reject all obvious outliers.
R E S U LT S
Splitting function measurements
We have measured the splitting function coefficients for 20 inner core sensitive modes using the self-coupling approximation. We start with the elastic measurement, in which only the elastic splitting function coefficients c st and the d 00 coefficient are allowed. This is equivalent to only measuring the Re (elastic) part of the splitting function and the shift in the centre Q of the mode (which is obtained from the d 00 coefficient). We then run a second inversion, this time allowing for anelastic splitting function coefficients d st in addition to the c st and d 00 . In the anelastic measurement, d st give rise to the Im (anelastic) part of the splitting function.
To consider how the fit to the observed seismograms is improved when anelasticity in the measurement is allowed, we examine the misfit values. We find that the misfit is always reduced when anelasticity is allowed (see Table 1 ). For example, for mode 13 S 1 , the misfit is reduced from 0.31 in the elastic measurement to 0.24 in the anelastic measurement, a reduction of 22 per cent. Mode 18 S 3 experiences a misfit reduction from 0.45 to 0.35, or 22 per cent. Other inner core sensitive modes show comparable reductions (Table 1 ). Fig. 1 shows example spectra for the two inner core sensitive modes discussed earlier. Comparing the spectra generated using only elastic c st and using both anelastic c st and d st reveals that the anelastic synthetic spectra are indeed in better agreement with the observed data than are the elastic synthetic spectra, confirming the misfit reduction. This is particularly observable for mode 13 S 1 , measured at station KEG using event 060994A (Fig. 1A) . The elastic c st spectrum predicts two peaks of similar amplitude, whereas both the observed data and the anelastic synthetic spectrum reveal two peaks of dissimilar amplitude. The anelastic synthetic phase spectrum also matches the observed data phase better than does the elastic synthetic phase.
The 20 inner core sensitive modes we have used to examine anelasticity are 2 S 3 , 3 S 2 , 8 S 5 , 9 S 3 , 9 S 4 , 11 S 4 , 11 S 5 , 13 S 1 , 13 S 2 , 13 S 3 , 13 S 6 , 15 S 3 , 15 S 4 , 16 S 5 , 18 S 3 , 18 S 4 , 20 S 1 , 21 S 6 , 25 S 2 and 27 S 2 . With the exception of 13 S 6 , 16 S 5 and 21 S 6 , these modes have not been truncated, that is, s max = 2l for a mode with angular order l. 13 S 6 , 16 S 5 and 21 S 6 have been truncated at s max = 6 due to smaller numbers of spectra available. Table 2 gives the centre frequencies (derived from the coefficient c 00 ) and the centre quality factors Q (from the coefficient d 00 ) obtained in our measurements. We note that the mode centre frequencies obtained in our two measurements are in agreement within their errors; this indicates that the c 00 coefficients resolved in the elastic and anelastic measurements are very similar. This is as expected for a well-behaved anelastic measurement: splitting of singlets in frequency is already fully considered when only the c st are measured. The multiplet quality factors Q, on the other hand, do change between the two measurements. This is not unexpected: when only c st and d 00 are measured (as in the elastic measurement), the centre Q of the mode is allowed to vary from the reference model value, but the individual singlets comprising the multiplet are constrained to have the same value of Q, the centre Q. Only the inclusion of a full set of d st enables singlets to split in quality factor as well. The centre quality factors resolved in the anelastic measurement are consistently lower than those found in the elastic measurement. This indicates that, when 3-D heterogeneity in attenuation (to the inverse of which the quality factors are related) is allowed, those of our inner core sensitive modes that exhibit sensitivity to 3-D variations in anelasticity appear more strongly attenuated overall compared to the case where attenuation variations are not allowed.
In Fig. 2 , we show the splitting functions for 12 of the 20 modes measured: 3 S 2 ( Fig. 2A) , 8 S 5 (B), 9 S 3 (C), 9 S 4 (D), 11 S 5 (E), 13 S 1 (F), 13 S 3 (G), 13 S 6 (H), 16 S 5 (I), 18 S 3 (J), 21 S 6 (K) and 27 S 2 (L). These have been selected from the set of 20 modes as they have the largest reductions in misfit when anelasticity is included (Table 1) . The splitting functions obtained in the elastic measurement (Deuss et al. 2013 ) are shown for comparison; these functions are real, as are the S20RTS (Ritsema et al. 1999) As an example of observing the inner core we consider the mode 9 S 4 (Fig. 2D) . We note that the Re part of the splitting function predicted by the mantle model S20RTS and the observed Re part, from either the elastic or the anelastic measurement, are very different. S20RTS predicts the characteristic 'Ring of Fire' structure around the Pacific, with positive splitting anomalies where the subduction zones lie. These features are usually interpreted as fast regions in the cold subducting slabs. Both the elastic and anelastic observations, on the other hand, reveal a 'zonal' structure, dominated by banding parallel to the equator, with positive anomalies near the polar caps and negative anomalies around equatorial regions. This type of elastic splitting is characteristic of modes that exhibit sensitivity to the inner core, and has been observed before (e.g Woodhouse et al. 1986; He & Tromp 1996; Durek & Romanowicz 1999; Deuss et al. 2013) . The discrepancy between mantle predictions and splitting function observations is not only one of geographical pattern, but of amplitude: mantle structure cannot explain the anomalously large c 20 and c 40 coefficients observed (see Figs 3A and 4A, and Table 3 ). These anomalous zonal coefficients only exist for inner core sensitive modes and have been interpreted as evidence for velocity anisotropy in the inner core. In particular, cylindrical anisotropy, with the fast axis aligned with the Earth's symmetry axis, explains the observed anomalous elastic splitting Tromp 1995) .
We find that the anelastic (Im part) splitting function of 9 S 4 , similar to the elastic splitting function, is also dominantly zonal. This is evident in comparing the Re and Im parts of the splitting function, obtained in the anelastic measurement, shown on the right in Fig. 2(D) . Both the Re and Im parts exhibit positive splitting anomalies at the poles and negative splitting anomalies at the equator. For the anelastic splitting function, this splitting is indicative of geographical variations in attenuation: the poles are more attenuating, whereas the equator attenuates less than average. The deviations from SNREI Earth are smaller in magnitude for the anelastic part (see colour scales in Fig. 2 ). Akin to inner core elasticity, the anomalous coefficients for anelasticity are the zonal coefficients d 20 and d 40 , listed in Table 3 and shown in Figs 3(B) , 4(B), and 5(A) and (B).
We find that the zonal elastic and anelastic splitting functions observed for the mode 9 S 4 are characteristic of inner core sensitive modes in general. Of the twelve modes shown in Fig. 2 , ten-3 S 2 , 9 S 3 , 9 S 4 , 11 S 5 , 13 S 1 , 13 S 3 , 16 S 5 , 18 S 3 , 21 S 6 and 27 S 2 -exhibit both the zonal dominance of both elastic and anelastic splitting functions and the correlation between positive elastic and anelastic splitting anomalies near the poles as discussed above for 9 S 4 . These modes have anomalously large-amplitude, positive d 20 coefficients, as shown in Fig. 3(B) , and anomalously large-amplitude d 40 coefficients (Fig. 4B) , which are either positive or negative. The remaining two modes in Fig. 2, 8 S 5 (Fig. 2B ) and 13 S 6 (Fig. 2H) , also have predominantly zonal elastic and anelastic splitting functions. However, while their elastic splitting functions resemble other inner core sensitive modes, their anelastic splitting functions appear flipped-positive anelastic splitting anomalies at the equator and negative anelastic splitting anomalies at the poles. This is also evident in comparing the c 20 and d 20 coefficients of these two modes (Fig. 3, Table 3 ): both modes have positive c 20 coefficients, and negative d 20 coefficients. Similar behaviour is also observed for 15 S 3 . As this result is in direct contrast with the remaining modes, we have performed tests in which a strongly positive d 20 is included in the starting model. It is found that, even in such measurements, the best-fitting d 20 for these modes is negative, while the c 20 is positive. The difference between modes 9 S 4 and 8 S 5 is further illustrated in We further compare our best 12 inner core sensitive modes to one another by plotting their singlet frequencies and Q values (Fig. 6) . When only allowing for the elastic splitting function coefficients c st , the 2l + 1 singlets of each mode are only split in frequency. Adding the anelastic splitting function coefficients d st , the singlets are further split in quality factor Q. Modes 8 S 5 (Fig. 6B ) and 13 S 6 (Fig. 6H ) again stand out from the remaining ten modes: for most inner core sensitive modes, the singlet anelastic Q decreases with singlet frequency, whereas for 8 S 5 and 13 S 6 the anelastic singlet Q increases with singlet frequency.
Tests of significance
We examine the significance of anelastic zonal structure by performing a measurement in which all c st and only the zonal anelastic coefficients, d s0 , are included. It is found that the zonal anelastic splitting is recovered very well even using such a simple approach. We also find that the misfit reductions are mostly due to resolving this zonal anelasticity: comparison of the misfits in the elastic, zonal anelastic and anelastic measurements (Table 1) reveals that most of the misfit reduction is already present when only zonal anelasticity is allowed. The further lowering of misfit when allowing for the remaining d st in the fully anelastic measurement is less significant. This is especially the case for modes that are strongly sensitive to anelasticity, for instance 13 S 1 (misfit reduced from 0.31 in elastic measurement to 0.242 in zonal anelastic measurement, 0.239 in anelastic measurement), 9 S 4 (misfit is 0.45 in elastic, reduced to 0.38 in zonal anelastic and 0.37 in fully anelastic measurement, respectively) and 18 S 3 (0.45 in elastic, 0.36 in zonal anelastic and 0.35 in fully anelastic). This test lends further evidence to our conclusion that anelastic structure in the inner core is mainly zonal. We also note that our measurement error analysis indicates that the zonal coefficients d s0 may be trusted up to a higher value of s max than the remaining d st .
Allowing for anelasticity in the Earth leads to doubling the number of splitting function coefficients, as the d st are introduced in addition to the elastic c st . Therefore, we seek to establish whether the misfit reductions observed are statistically significant given the increase in the number of parameters measured. We use the F-test to test for the significance of misfit reduction when going from the elastic to the anelastic measurement, and also going from the elastic to the zonal anelastic measurement. Using the numbers of parameters in the elastic, zonal anelastic and anelastic measurements, the misfits associated with these measurements, and the numbers of spectra used for each mode, we calculate the values of the F-statistic under the null hypothesis that the misfit reductions are not significant given the larger numbers of parameters in the zonal anelastic and at Cambridge University Library on September 4, 2013 http://gji.oxfordjournals.org/ anelastic measurements, compared to the elastic case. We then compare these F-statistic values to critical values of the F-distribution (Abramowitz & Stegun 1965) to establish whether the null hypothesis holds. If the value of our F-statistic exceeds the critical value, the null hypothesis can be rejected and the misfit reduction is thus significant. A level of statistical confidence is selected to calculate the critical F-values; we set these probability levels to 0.05, which means that if the critical F-value is exceeded, the null hypothesis can be rejected with 95 per cent confidence. Outcomes of our Ftests for the individual modes are given in Table 1 ; we perform F-tests to compare elastic to zonal anelastic and elastic to anelastic measurements, and accept statistical significance only if indicated by both tests. The F-test agrees with our intuitive understanding of how a large reduction in misfit justifies more free parameters in our measurements. Next, after having established statistical significance, it is important to ascertain that the new, fully anelastic, inversion produces results whose elastic parts agree with results from a purely elastic inversion. Inspection of Fig. 2 indicates that this is indeed the case. To quantify this similarity further, we have calculated C 12 crosscorrelations (e.g. Smith & Masters 1989) , for each mode, between the elastic splitting functions obtained in the elastic and anelastic measurements. For most modes, these are in excess of 0.99, and all are greater than 0.91. We also note that our Re and Im parts of the splitting function of the mode 13 S 1 (Fig. 2F ) agree in shape with the measurement of Masters et al. (2000a) . Furthermore, our anelastic splitting function, due to the d st , is also comparable in splitting magnitude to that reported by Masters et al. (2000a) , whereas our elastic splitting function, due to the c st , is somewhat larger. We attribute these discrepancies to differences in data used.
We also note that the c st and d st obtained using different starting models are in very good agreement with each other, even when the starting models themselves predict relatively different values for the c st . This is illustrated in Fig. 7 for the mode 13 S 1 . We note that as is typical for modes with strong sensitivities to the inner core, 13 S 1 cannot be measured directly from PREM, and the mantle model S20RTS (not shown) is also a poor starting model. The final misfit varies for the different starting models, from 0.24 to 0.30 for 'Rom' (Durek & Romanowicz 1999, model) . This range in misfit allows us to select one of the end models with a lower misfit-we have selected Woodhouse et al. (1986) as a starting model for this mode. All other modes in our data set exhibit similar behaviour with respect to starting model.
Our approach here has been to only allow self-coupling, that is, coupling between the individual singlets of any given mode, but ignore cross-coupling, that is, resonance between singlets of two different modes that have similar frequencies. Indeed, Deuss et al. (2010) demonstrate that two of the modes used in this study, 8 S 5 and 16 S 5 , are affected by cross-coupling with inner core confined modes, 5 S 10 and 17 S 4 , respectively. Deuss et al. (2010) used this resonance to study odd-degree structure of the inner core, and found evidence for hemispherical variations in inner core elasticity (velocity). With this is mind, we have tested for the effect cross-coupling could have on our results for 8 S 5 and 16 S 5 . This is of particular importance for 8 S 5 , which has a negative d 20 coefficient, unlike most other modes discussed here. Upon cross-coupling 8 S 5 -5 S 10 and 16 S 5 -17 S 4 , for both elastic and anelastic odd-degree structure (that is, even and odd c st and d st are measured), we find the even-degree c st and d st of both 8 S 5 and 16 S 5 unchanged compared to the self-coupled measurement. This behaviour bears witness to cross-coupling being a second-order effect-suitable for studying odd-degree structure in the inner core and elsewhere in the Earth, but in this instance not a significant source of uncertainty for the even-degree c st and d st .
To investigate whether our inner core sensitive modes may be influenced by anelasticity in the mantle, we have performed both fully anelastic and zonal anelastic measurements on several mantle sensitive modes, including 0 S 6 and 2 S 6 . We find that the fully anelastic treatment may reduce the data misfit somewhat. Modes that are sensitive to the mantle, but not to the core, do not show any reduction in misfit in a zonal anelastic measurement, compared to a purely elastic treatment. The corresponding anelastic parts of the splitting function are either very small or non-existent. As shown above, the main anelastic features of inner core sensitive modes are (i) the zonal dominance of anelastic parts of the splitting function, and (ii) the large reduction in misfit between elastic and zonal anelastic measurements. The absence of both (i) and (ii) for modes that have no sensitivity to the inner core leads us to conclude that (i) and (ii) can directly and robustly be attributed to structure in the Earth's inner core. Durek & Romanowicz (1999) (DR, grey triangles) and He & Tromp (1996) (HT, grey squares) and the predictions from S20RTS (Ritsema et al. 1999 ) (grey diamonds) are also shown. et al. (1986) . Error bars from cross-validation are only shown for the selected model, from Woodhouse et al. (1986) , for clarity.
D I S C U S S I O N A N D C O N C L U S I O N S
Our measurements of the anelastic splitting function coefficients d st simultaneously with the elastic splitting function coefficients c st for 20 self-coupled inner core sensitive modes confirm that the iterative spectral fitting method, when sufficient good quality data are used, is capable of resolving lateral variations in elastic and anelastic structure in the deep Earth. Moreover, we find that allowing for anelastic lateral variations reduces the synthetic-to-observed spectral misfit significantly, also taking into account the increased number of parameters, as verified by the F-test. The largest signals are strong zonal variations in both elastic and anelastic splitting functions.
We have good reason to believe that the anelastic splitting functions, and the misfit reductions associated with measuring both elastic and anelastic splitting function coefficients, are due to structure in the inner core. However, associating these observations with particular depths or other features in the inner core is less straightforward. Fig. 8 shows the inner core portions, redrawn from Fig. 2 , of the radial PREM sensitivity kernels for the modes we have measured. Upon inspection of these kernels, we speculate that the observed anelasticity is unlikely to be dominated by v p sensitivity in the inner core. As an example, we note that the strongly anelasticity sensitive mode 9 S 4 has no v p sensitivity in the inner core. Furthermore, the modes 18 S 4 and 25 S 2 , both of which have strong sensitivities to v p in the inner core-to the inner core boundary and the very top layers, and to mid-inner core, respectively-exhibit little misfit reduction upon anelastic measurement. It also appears that our measurements are roughly consistent with P-wave attenuation decreasing with depth in the inner core, though we expect v s attenuation to be the dominant effect overall.
The anomalous splitting of c st has been explained using a cylindrically anisotropic model of the inner core, where the fast direction is aligned with the Earth's rotation axis, by various authors (e.g. Woodhouse et al. 1986; Tromp 1993; Beghein & Trampert 2003) . In a similar manner, the d st may be explained in terms of attenuation anisotropy in the inner core; this is also seen in body waves, where polar paths are more attenuated than are equatorial paths. Such an explanation remains, for the moment, speculative; however, the d st may be inverted for a model of lateral variations in shear and bulk quality factors in the inner core. Such an inversion would be at Cambridge University Library on September 4, 2013 http://gji.oxfordjournals.org/ Downloaded from linear in nature, and carries great promise of a three-dimensionally heterogeneous attenuation model of the inner core.
We also note that while most of the modes measured here resolve d st that correlate with c st -in particular, the d 20 coefficients are positive-this is not always the case. We have found two modes, 8 S 5 and 13 S 6 , that exhibit both strong sensitivity to inner core anelasticity (as evidenced by the reductions in misfit) and negative d 20 coefficients. Extensive tests, including with respect to changing the starting model, including cross-coupling and excluding individual events, reveal that these coefficients are genuinely resolvable and negative. Given the similarity between the inner core sensitivity kernels of these two modes and the remaining modes, whose d 20 coefficients are positive, the modes 8 S 5 and 13 S 6 are puzzling. They would be expected to exhibit elastic-anelastic correlation, yet their Re and Im splitting functions are anticorrelated. Given the similarity between the whole-Earth sensitivity kernels of the modes 8 S 5 and 9 S 4 ( Figs 2B and D) , it seems unlikely that the reason why these two modes have d 20 coefficients of opposite sign lie outside the inner core. This is particularly true given our observation that d st for modes that are not sensitive to the inner core are not resolvable from zero. As for the inner core, these discrepancies in sign cannot be explained by simple transverse isotropy, with the symmetry axis parallel to the Earth's rotation axis (i.e. cylindrically anisotropic anelasticity).
Instead, we look back at models of elastic anisotropy in the inner core: Woodhouse et al. (1986) invert for a model of cylindrical anisotropy decreasing with depth, and their observed c 40 coefficients are either positive or negative. However, under the assumption of cylindrical velocity anisotropy, their predicted c 40 are all negative. Likewise, Romanowicz et al. (1996) note that positive and negative c 40 can only be fit with models where the assumption of strict cylindrical symmetry has been relaxed. Extending this treatment of the alternating signs of c 40 coefficients to our d s0 , we speculate that inner core anelasticity anisotropy models with some non-cylindrical elements may be better suited for explaining the discrepancies observed in our full set of modes, although it is clear that the majority of our observations are in agreement with cylindrical-like attenuation anisotropy in the inner core, onto which more details may be added once sufficient data become available. As ever, it is also possible that some unexplained and untested data processing effects, responsible for the negative d 20 coefficients, persist. Furthermore, as shown by, e.g. Andrews et al. (2006) , the mode 8 S 5 is strongly dependent on small changes in the reference model, an effect which may help explain its negative d 20 coefficient.
A C K N O W L E D G E M E N T S
All earthquake data have been collected from the Incorporated Research Institutions for Seismology (IRIS) Data Management Center (DMC). The figures have been produced using GMT software (Wessel & Smith 1991 
